Low-temperature photoluminescence spectra of an 1r1~,~sG~,s~P alloy and a p-type GaAs/ Ino,b.sGauszP multiple quantum well, both grown by molecular beam epilaxy, have been obtained under hydrostatic pressures from 0 to 6 GPa. The zero-pressure extrapolation of the InGaP to GaAs( I?) transitions yields a 0.40*0.02 valence-band offset, and hence only a small, 0.06 =t 0.02 eY, conduction-band offset. These offset values are in agreement with measured values of the confinement energy versus well width.
(Received 28 June 1990; accepted for publication 6 November 1990) Low-temperature photoluminescence spectra of an 1r1~,~sG~,s~P alloy and a p-type GaAs/ Ino,b.sGauszP multiple quantum well, both grown by molecular beam epilaxy, have been obtained under hydrostatic pressures from 0 to 6 GPa. The zero-pressure extrapolation of the InGaP to GaAs( I?) transitions yields a 0.40*0.02 valence-band offset, and hence only a small, 0.06 =t 0.02 eY, conduction-band offset. These offset values are in agreement with measured values of the confinement energy versus well width.
Quantum well structures of GaAs and (InGa) P alloys provide alternatives to the GaAs/( AlGa) As system. They have been attractive because of the larger band-gap energy and the possibility that strain-layer superlattice structures can be grown. However, the band offset of this system has been controversial. A theoretical value of the conductionband offset AE, = 0.16 eV was obtained by Harrison* for a GaAs/InO.,GaesP interface. Shubinkov-de Haas measurements' have implied AE, = 0.39 eV, capacitancevoltage profiling of GaAs/(In,Ga)P heterojunctions have given AE, = 0.24 eV3 and 0.19 eV,4 and deep level transient spectroscopy' has led to AE, = 0.20 eV. Recently, however, Kobayashi et ~1.~ investigated the current-voltage characteristics of a metalorganic chemical vapor deposition InGaP/GaAs heterojunction bipolar transistor and concluded that AE, was -30 meV. No other determinations of the band offsets for this system have been reported, to our knowledge. ture diamond anvil cell whose design and operation are described in detail elsewhere."*" Samples were cut to about 200 x 200 X 53 pm, then loaded together with a small ruby chip as the pressure sensor." Argon was used as the pressure-transmitting medium. Photoluminescence spectra were excited by the 514.5 nm line of an Ar-ion laser from samples held at 25 K at pressures up to 6 GPa, using standard procedures.
Hydrostatic pressure has been a powerful tool for studying band structures of semiconductors. Recently, Venkateswaran et aL7 and Wolford et al." used photoluminescence spectroscopy at high hydrostatic pressures to determine the band offset of GaAs/AlGaAs quantum wells. It is the most direct method known. The purpose of this letter is to report the first such measurement of the band offset of GaAs/InGaP quantum wells, enabling us to discriminate between the earlier, discordant results. Figure 1 shows the photoluminescence (PL) transition energies as a function of pressure for the epitaxial In0,4sG~,52P alloy sample, and the MQW. In this figure the satellite peaks from phonon-assisted transitions have been omitted for clarity. The solid lines are least-square fits. In both the epitaxial alloy sample (representing the PL of a bulk sample), and the MQW the conduction-to-valence band transitions at the zone center (F-I?) increase rapidly with pressure, whilr: the indirect transitions from X-related conduction states to the valence-band zone center (I?) decrease at a slower rate. This type of behavior is universally observed in III-V bulk samples and MQWs. This allows the observed peaks to be identified as illustrated in Fig. 2 . The MQW takes a type-II alignment above 2.6 GPa, so that transitions are indirect in both momentum and real space, This has been confirmed from observations of a blue shift of transition energy with increased laser power.i2
The samples were grown by gas-source molecular beam epitaxy (MBE) on a (100) semi-insulating GaAs substrate at 520 "C9 The multiple quantum well (MQW) consisted of a 600 nm InGaP buffer layer, a 20-period well with each containing a 5.9 nm layer of GaAs and 23.7 nm layer of In,Ga, _ xP, capped with a 45 nm GaAs layer. The composition parameter, x was determined from x-ray diffraction to be 0.48*0.01. Lattice mismatch is less than 0.1%. Based on the photoluminescence described below, the InGaP was a disordered alloy. The MQW was uniformly doped p type with Be to a concentration of 5 X lOi cmp3. The bulk sample was grown by the same techniques, but was not intentionally doped. It was in the form of a 2.64 pm layer on a GaAs substrate and was weakly n type with n-lot6 cmm3, FL energies at room pressure, and pressure coefficients are listed in Table 1 . The PL energy for the MQW gives good agreement wii:h the band gap of GaAs when ( 1) the quantum confinement energy, EIhh f Et, (44 meV for the present MQW, as discussed below), (2) the exciton energy E,, of -5 meV,13 ( 3) Stark energy, Es of -4 meV,'4*'5 and (4) the Be acceptor energy, EA of -28 meV are taken into account. The band gap was found to be 1.510 A 0.003 eV.
Using Fig. 2 , it is straightforward to see that the valence-band offset of this quantum well structure is given approximately as the difference between extrapolated values of X-related transitions, as shown in Fig. 1 . AE, thus takes the approximate value of E2(0) -Es(O) =0.41 eV. This value needs to be modified to take into account the above corrections. The formula for the valence-band offset becomes (using notation of Fig. 2 
) :
The samples were compressed separately in a minia- 0.028 dEr/dP (meV/GPa) 93*2 84*2 dEx/dP (meV/GPa) -(20*3) -(20*2) dE,/dP (meV/GPa) -(3OA3) Crdossover pressure (GPa) 3.5 GaAs (X-r) 2.6 InGaP (X-r)
A consistency check on the large valence-band offset can be made by examination of confinement energy as a function of well thickness. Figure 3 shows the total confinement energy, El,,,, + E,,, previously deduced by PL from a series of quantum wells of varying thickness in a single sample." The calculated thickness dependence of confinement energy for several reported values of AE, and AE, is shown for comparison. Effective masses of m,=O.llm, and mh=0.46m, were used for InGaP.'* Larger ratios of AE, to total offset require thinner wells to yield the same ENth + E,, since the heavy hole mass term Elhh increases slowly and becomes more dominant. The experimental data clearly agrees better with the calculations where the major portion of the band offset is in the valence band.
The pressure coefficients for all the PL peaks are listed in Table I . The coefficients for the GaAs(X-T) and InGaP(to-GaAs(I ') transitions are -(2Ok3) meV/ GPa and -(30 f 3 ) meV/GPa, respectively. The higher value of the latter is somewhat unusual. It may be due to residual stress or to a small shift of the band offset with pressure. It is noted that the extrapolation of the transition energies to P = 0 in the present work estimates the offset at zero pressure, where this quantity is of technological interest. Uncertainty in the slope of E,, as seen in Fig. 1 , makes only a small difference in the zero pressure intercept.
In conclusion, photoluminescence spectroscopy was performed on a MBE-grown In0.4sG+.52P alloy and a GaAs/Ina4sGae5,P super-lattice at 25 K under hydrostatic pressures. The observation of transitions associated with X states in bulk InGaP, and both PL components of the GaAs/InGaP MQW, enables a straightforward extrapolation of the band energy separations, so that the band offset of the GaAs/InGaP quantum wells studied can be determined directly. Only 13% of the total band offset is found to occur in the conduction band.
The 
